The Ror-family receptor tyrosine kinases (RTKs), consisting of Ror1 and Ror2, play crucial roles in morphogenesis and formation of various tissues/organs, including the bones and skeletal muscles, the so-called musculoskeletal system, during embryonic development, by acting as receptors or coreceptors for a noncanonical Wnt protein Wnt5a. Furthermore, several lines of evidence have indicated that Ror1 and/or Ror2 play critical roles in the regeneration and maintenance of the musculoskeletal system in adults. Considering the anatomical and functional relationship between the skeleton and skeletal muscles, their structural and functional association might be tightly regulated during their embryonic development, development after birth, and their regeneration after injury in adults. Importantly, in addition to their congenital anomalies, much attention has been paid onto the age-related disorders of the musculoskeletal system, including osteopenia and sarcopenia, which affect severely the quality of life. In this article, we overview recent advances in our understanding of the roles of Ror1-and/or Ror2-mediated signaling in the embryonic development, regeneration in adults, and congenital and agerelated disorders of the musculoskeletal system and discuss possible therapeutic approaches to locomotive syndromes by modulating Ror1-and/or Ror2-mediated signaling.
| STRUCTURE AND FUNCTION OF THE Ror-FAMILY RTKs
The Ror-family receptor tyrosine kinases (RTKs) are type I transmembrane protein tyrosine kinases and possess immunoglobulin-like domain, cysteine-rich domain (CRD), and kringle domain in their extracellular regions. Their intracellular regions contain tyrosine kinase (or pseudokinase) domain, proline-rich domain (PRD), two serine/threonine-rich domains, and a short C-terminus tail. The Ror-family RTKs are evolutionally conserved among various organisms. 1, 2 In vertebrates, the Ror-family RTKs consist of two structurally related members, Ror1 and Ror2. Both Ror1 and Ror2 can bind to Wnt5a via their CRDs and act as its receptors or coreceptors, associated with Frizzleds (Fzds) to activate noncanonical Wnt signaling (β-catenin-independent signaling), including planar cell polarity (PCP) pathway and Wnt-Ca 2+ pathway [3] [4] [5] [6] [7] (Figure 1 ). It has also been reported that Ror1 and Ror2 can mediate PCP pathway through the interaction with Vangl2 (Vang-like 2), a core component in PCP. 8 In the PCP pathway, small GTPases such as RhoA, Rac, and Cdc42 are activated via Disheveled (Dvl), a downstream mediator of Wnt signaling, resulting in cytoskeletal reorganization, eventually leading to the regulation of cell morphology, motility, and polarity. Filamin A, an actin-crosslinking protein, binds to the intracellular PRD of Ror2 and is involved in regulating Ror2-mediated polarized cell migration 9, 10 (Figure 1 ). Although mutations in lysine residues within the putative ATP binding motif in the tyrosine kinase domains of the Ror-family RTKs have been shown to result in some impairment of their functions, [11] [12] [13] several lines of evidence have suggested that both Ror1 and Ror2 might be pseudokinases. 14, 15 Therefore, it remains controversial whether or not Ror1 and Ror2 possess intrinsic kinase activities. Wnt5a-Ror2 signaling has also been shown to inhibit the canonical Wnt signaling (β-catenin-dependent signaling), in which stabilized β-catenin interacts with TCF/LEF transcription factors to induce expression of its target genes, such as c-Myc and Cyclin D1 [16] [17] [18] (Figure 1 ). Furthermore, Wnt5a-Ror2 signaling can induce expression of several genes that are required for invasive cell migration, such as MMP13 19, 20 (Figure 1) .
During embryonic development, both Ror1 and Ror2 are widely expressed in various tissues and organs, such as limbs, heart, lungs, guts, muscles, and skeletal and nervous systems. [21] [22] [23] [24] [25] [26] [27] Accumulating evidence demonstrates that both Ror1 and Ror2 play critical roles in regulating developmental tissue genesis and organogenesis. 4, [28] [29] [30] In the developing kidneys, both Wnt5a-Ror1 and Wnt5a-Ror2 signaling plays a critical role in regulating epithelialmesenchymal interaction, thereby mediating proper ureteric bud formation. 31, 32 Both Ror1 and Ror2 are also expressed in neural stem/progenitor cells in the developing neocortices, and Wnt5a-Ror1 and Wnt5a-Ror2 to Fzd and LRP5/6, resulting in the inhibition of β-catenin degradation. Increased β-catenin translocates into the nucleus and forms a complex with transcription factors TCF/LEF, thereby inducing expression of their target genes, including Cyclin D1 and c-Myc. Schematic representations of noncanonical Wnt signaling [Wnt5a-Ror1/2 signaling (right)]. Wnt proteins, including Wnt5a, bind to Fzd and/or Rorfamily RTKs (Ror1, Ror2), resulting in the activation of Rac, Rho, and Cdc42, to mediate PCP pathway. In calcium pathway, Wnt binding induces an increase in intracellular calcium concentration, thereby activates CaMKII. The PRD of Ror2 can associate with Filamin A to regulate cell polarity and migration. In addition, noncanonical Wnt signaling can inhibit canonical Wnt signaling. In several cancer cells, constitutively active Wnt5a-Ror2 signaling promotes their invasion by inducing the expression of its targeting genes, including Mmp13. LEF, lymphocyte enhancer factor; LRP, low-density lipoprotein receptor-related protein; TCF, T-cell factor signaling plays an important role in maintaining their stemness, enabling the generation of proper number of neurons. 33 Although expression levels of Ror1 and Ror2 are reduced markedly in adult tissues, it has been shown that Ror2 is induced in astrocytes in the injured brains and regulates their proliferation, leading to repair of damaged brains. 34 Furthermore, Wnt5a-Ror2 signaling has also been shown to be required for intestinal crypt regeneration after injury. 35 These findings indicate an attractive possibility that Ror-family RTKs might play important roles in regulating repair or regeneration of various tissues following injury.
| Ror-MEDIATED SIGNALING IN THE SKELETAL MUSCLES

| Skeletal muscle development
During embryonic development, the trunk and limb muscles can be made up from myogenic progenitor (MP) cells, derived from the myotomes. MP cells that express pairedbox/homeodomain transcription factors, Pax3 and Pax7, initiate to express myogenic lineage genes, including MRFs (muscle regulatory factors), MyoD (myogenic differentiation), Myf5 (myogenic factor 5), and myogenin after exiting proliferative cell cycle. 36 Subsequently, they fuse with each other to produce multinucleated myofibers. Afterward, motor neurons project to the center of the respective myofibers to form the neuromuscular junctions (NMJs). In NMJs, acetylcholine secreted from the motor neuron (presynapse) binds to acetylcholine receptor (AChR), expressed on the myofiber (postsynapse), mediating skeletal muscle contraction. 37 After birth, MPs are localized between the muscle fiber and basal lamina, and they express Pax7 continuously but downregulate Pax3 expression. MPs are called satellite cells (SCs) after birth and play critical roles in skeletal muscle growth and regeneration (see later).
Accumulating evidence demonstrates that canonical Wnt signaling plays crucial roles in regulating the proliferation and differentiation of MPs during the development of the skeletal muscles. 38 On the other hand, little is known about the roles of noncanonical Wnt signaling in the development of the skeletal muscles. Interestingly, however, several lines of evidence have indicated that noncanonical Wnt signaling is also involved critically in the skeletal muscle development. In the skeletal muscle development, newly formed myofibers, derived from MPs, have to elongate in a proper direction (orientation) to make functional skeletal muscle, which is required for correct physical movement. Analysis of the chicken embryos has revealed that Wnt11 regulates the oriented (polarized) elongation of newly formed myofibers by mediating PCP pathway. 39 It has been well established that myofibers can be divided into two types, slow fibers and fast fibers, based on their differences in contraction speed and metabolism. 40 Interestingly, it has been shown that overexpression of Wnt5a or constitutively active CaMKII in the chicken wing bud promotes slow fiber formation but inhibits fast fiber formation, 41 indicating that Wnt5a-CaMKII pathway might play an important role in regulating differentiation of MPs during embryogenesis. During the formation of NMJs, AChRs are accumulating at the center of the respective myofibers in a manner dependent on LRP4 (lipoprotein receptor-related protein 4) and MuSK (muscle-specific kinase), a process designated as prepatterning. 42 Subsequently, Agrin, secreted from the terminal of motor neurons, further augments LRP4-MuSK signaling in the myofibers, mediating enhanced accumulation of AChR, eventually leading to the formation of mature NMJs. 43, 44 Similarly, in zebrafish embryos, Wnt11r binds to unplugged (MuSK ortholog), thereby promoting AChR prepatterning. 45 In mouse embryos, it has been indicated that Wnt4 and Wnt11 bind to Vangl2, leading to the formation of NMJs. 37 More recently, it has been shown that Ror1 associates with MuSK in the mouse myoblastic C2C12 cell line. 46 Furthermore, it has recently been reported that methylation status and expression level of Wnt5a are dynamically changed during postnatal skeletal muscle development, 47 indicating that Wnt5a might also play a role in regulating postnatal skeletal muscle development. These findings indicate that noncanonical Wnt signaling is also critically involved in the embryonic and postnatal development of skeletal muscle.
| Skeletal muscle regeneration
During skeletal muscle regeneration, SCs play essential roles. Although SCs are in a quiescent state in adults under physiological conditions, they start to proliferate, differentiate, and fuse with each other to form newly produced myofibers after skeletal muscle injury. 48 Recently, it has been reported that residential mesenchymal progenitor cells (MPCs) in the skeletal muscles, which are marked by Pdgfrα (platelet-derived growth factor receptor α), also play important roles in regulating the skeletal muscle regeneration. MPCs secrete several soluble factors to promote proliferation and/or differentiation of SCs during skeletal muscle regeneration. 49, 50 On the other hand, MPCs differentiate into fibroblasts or adipocytes under pathological conditions of the skeletal muscles, thereby inducing fibrosis or intermuscular adipose tissue (IMAT). [51] [52] [53] Thus, it can be assumed that the coordinated functional regulation of SCs and MPCs is crucial for proper regeneration and maintenance of the skeletal muscles.
It has become evident that noncanonical Wnt signaling plays crucial roles in regulating the functions of SCs in particular after muscle damage. It has been reported that Wnt5a, which is known to activate noncanonical Wnt signaling, promotes the differentiation of SCs. [54] [55] [56] In contrast, several reports indicate that Wnt5a regulates proliferation of SCs, but others indicate that Wnt5a fails to do so. 57, 58 Although it is still controversial whether or not Wnt5a regulates proliferation of SCs, it seems that Wnt5a plays a promotive role in the differentiation of SCs. Several micro-RNAs (miRs), such as miR-477 and miR-487b, suppress differentiation of SCs by mediating Wnt5a mRNA degradation. Interestingly, miR-477 and miR-487b can be sponged by circular RNA SNX29 54 and lncRNA MAR1, 56 respectively. These findings indicate that various noncoding RNAs might play important roles during skeletal muscle regeneration by regulating the functions of SCs through degradation and stabilization of Wnt5a mRNA.
Wnt7a also mediates proliferation and differentiation of SCs by activating noncanonical Wnt signaling. Wnt7a-Fzd7 signaling promotes symmetric division of SCs to expand a pool of SCs through PCP pathway during skeletal muscle regeneration. 59, 60 In addition, Wnt7a-Fzd7 signaling promotes migration of SCs through Dvl and Rac1. 61 Interestingly, it has also been reported that Wnt7a-Fzd7 signaling is involved in skeletal muscle hypertrophy by activating Akt/mTOR signaling. 62 Wnt7a has also been shown to play an important role in expansion of SCs and myofiber hypertrophy in craniofacial muscle in addition to limb skeletal muscle. 63 On the other hand, Wnt4, induced by Foxc2, regulates differentiation of SCs via activation of RhoA. 64 Furthermore, hypoxia-inducible factor 1α (HIF1α) induces myogenic differentiation of C2C12 cells through noncanonical Wnt signaling by inducing expression of Wnt4, Wnt7a and Wnt9a under hypoxic conditions. 65 It is worth noting that expression of Wnt receptors, which activate noncanonical Wnt signaling, is induced during skeletal muscle regeneration. Expression of Vangl2 is upregulated in SCs by nitric oxide (NO)induced signaling after skeletal muscle injury. 66 In fact, Vangl2 can act as a receptor for Wnt7a and mediate symmetric expansion of SCs. 60 Furthermore, we have recently shown that Ror1, which is known to act as a receptor for Wnt5a, is expressed specifically in SCs in the skeletal muscles, and its expression can be further enhanced by inflammatory cytokines, TNF-α and IL-1β, after skeletal muscle injury. 67 It has also been reported that TNF-α and IL-1β produced by immune cells, such as neutrophils, T cells, and macrophages, can induce proliferation of SCs. 68, 69 In fact, we have confirmed that inhibition of TNF-α and IL-1β by neutralizing antibodies can reduce the number of proliferative SCs and expression of Ror1 in injured muscles. We have also found that TNF-α and IL-1β activate NF-kB pathway, and p65, a component of the transcription factor NF-κB, can bind to the upstream regions of the Ror1 promoter to promote the expression of Ror1. By establishing SC-specific Ror1 conditional knockout mice, we demonstrate that Ror1 plays critical roles in skeletal muscle regeneration by promoting proliferation of SCs after injury 67 (Figure 2A) .
Recently, it has been shown that MPCs also play an important role in the regulation of the skeletal muscle regeneration by promoting proliferation and differentiation of SCs ( Figure 2B ). In this respect, it should be noted that parts of MPCs express Wnt5a, Wnt10b, and Wnt11, which can activate noncanonical Wnt signaling. 70 Thus, it can be assumed that MPCs might regulate functions of SCs through secretion of these Wnt proteins.
| Skeletal muscle diseases
Duchenne muscular dystrophy (DMD) is a refractory muscular disease, which is attributable to the mutations within the dystrophin gene. 71 In the skeletal muscles of DMD patients, the abilities of proliferation and differentiation of SCs are severely affected, and their muscle strength is diminished significantly due to the skeletal muscle atrophy. 72, 73 As previously described, Wnt7a exhibits various functions, that is, promoting proliferation and/or migration of SCs and myofiber hypertrophy. Thus, it is conceivable that Wnt7a might be effective for the treatment of DMD. Interestingly, when Wnt7a was injected into the skeletal muscles of mdx (X chromosome-linked muscular dystrophy) mice, which have dystrophin mutation, an increased number of SCs, accompanied by induced hypertrophy of myofibers and enhanced muscle strength, were observed. 74, 75 Recently, it has been reported that the codelivery of Wnt7a and SCs by using polyethylene glycol hydrogel enhances expansion and migration of SCs during skeletal muscle regeneration. 76 Therefore, it can be envisaged that noncanonical Wnt signaling activated by Wnt7a might be effective for the treatment of DMD.
In various muscular diseases, including sarcopenia and muscular dystrophy, fibrosis and IMAT are often observed in the skeletal muscle tissues, resulting in suppression of muscular strength. 77, 78 Although fibrogenic and/or adipogenic differentiation of MPCs has been considered as the cause of fibrosis and IMAT in the skeletal muscles of these muscular diseases, it remains largely unclear about the molecular mechanisms regulating these MPCs' differentiation. Interestingly, with this respect, we have found that Ror2 is highly expressed in MPCs and plays a crucial role in adipogenic differentiation of MPCs (unpublished observation). Therefore, it can be assumed that Ror2 expressed in MPCs might mediate noncanonical Wnt signaling, resulting in promotion of IMAT under pathological conditions ( Figure 2C) .
In aged mice, expression of Fzd1 is increased in SCs, resulting in suppressed myogenic differentiation of SCs, 79 indicating that canonical Wnt signaling is activated in SCs and thus inhibits myogenic differentiation of SCs in the skeletal muscles from aged mice. With this respect, it is of importance to note that the expression of Ror1 is reduced in SCs of the skeletal muscles from aged mice compared to SCs from young mice (unpublished observation). Considering the finding that canonical Wnt signaling can be inhibited by noncanonical Wnt signaling, mediated by the Ror family of RTKs, reduced expression of Ror1 in SCs from aged mice might upregulate the expression of Fzd1, thereby leading to aberrantly suppressed myogenic differentiation of SCs in aged mice.
| Ror-MEDIATED SIGNALING IN THE SKELETON
| Bone and cartilage development
Bone is formed through two distinct processes, that is, endochondral ossification and membranous ossification. 80 The long bones of the limbs are formed by endochondral ossification. On the other hand, flat bones such as calvarial bone are formed by membranous ossification.
In endochondral ossification, cartilage primordium is formed for the first time. Therefore, the shape of long bone is roughly determined when the cartilage primordium is formed. The perichondrium flanking prehypertrophic/ hypertrophic chondrocytes becomes the periosteum, where osteoblastic differentiation occurs by signals including Indian hedgehog from the cartilage. 80 Osteoblasts formed mineralized bone matrix, the so-called bone collar in the shaft of the cartilage primordium. Chondrocytes adjacent to the bone collar differentiate into hypertrophic chondrocytes and then form mineralized cartilage. Once bone collar is formed, blood vessels with osteoblast progenitors invade from the periosteum of bone collar into cartilages. Osteoclasts derived from monocytes resorb mineralized cartilage matrix, and then new bone matrices are deposited by osteoblasts differentiated from the progenitors. In membranous ossification, osteoblasts directly formed bone matrices without the formation of cartilage matrices.
Wnt5a-Ror signaling is reportedly involved in the length of various organs including limbs. Both Wnt5a −/− and Ror2 −/− mice exhibited dwarfism, short limb, and short nose. 5 Robinow syndrome, a congenital skeletal dysplasia, is characterized by a fetal face, short limb, short penis, and renal and vertebral anomalies. The loss of function mutations of the Ror2 gene and Wnt5a gene were identified in recessive Robinow syndrome and dominant Robinow syndrome, respectively. 81, 82 Recently, it has been reported that Ror2 and Ror1 genetically interact with Wnt9a to regulate the length of humerus. 83 The humerus length of Ror2 −/− mice was shortened by Wnt9a gene mutation. The Wnt9a-dependent shortening of the humerus was also observed in Ror1 hypomorphic mice. These findings suggest that Wnt5a-Ror2 signaling might determine the length of the cartilage primordium (especially skeletal elements distal to the ulna and radius), and Wnt9a-Ror signaling the length of proximal elements, such as the humerus. The first might be probably by regulating the motility of chondrocytes in human and mouse.
| Bone diseases such as osteoporosis
Bone tissues are remodeled continuously after embryonic development for the maintenance of calcium homeostasis and the replacement of old bone matrices. Osteoclasts resorb old bone matrices, and then osteoblasts deposit new bone matrices. Bone mass is regulated by the balance between bone resorption and formation.
Wnt5a-Ror2 signaling regulates bone mass. Ror2-mediated signaling reportedly inhibited Wnt3ainduced Wnt/β-catenin signaling. In contrast, it enhanced Wnt1-induced Wnt/β-catenin signaling in osteoblastic U2OS cells. 84 Recently, Wnt1 secreted from osteocytes reportedly regulated osteoblast function and bone mass. 85 These findings indicate the possibility that Ror2 signaling might promote Wnt1-induced canonical signaling, thereby promoting bone formation. However, roles of Ror2 in bone resorption had remained to be elucidated. We found that Ror2 +/− and osteoclast precursorspecific Ror2 conditional knockout (Ror2 ΔOCP ) mice exhibited a high bone mass phenotype with impaired bone resorption. 86 Mechanistically, Wnt5a-Ror2 signaling (Ror2-mediated signaling) enhances expression of RANK, an essential receptor for osteoclast formation, in osteoclast precursors and promotes RANKL-induced osteoclast differentiation. We have also shown that Wnt5a and Ror2, but not Ror1, are expressed strongly in mature osteoclasts. To examine the roles of Ror2-mediated signaling in bone resorbing activities of osteoclasts, osteoclastspecific Ror2 conditional knockout mice (Ror2 ΔOC ) were generated using cathepsin K-cre mice and analyzed their bone phenotype. 87 Ror2 ΔOC exhibited high bone mass due to impaired bone resorption activities of osteoclasts without affecting their differentiation. Since small GTPases, including Rho and Rac, have been reported to regulate reorganization of actin cytoskeleton, we examined whether Rho and/or Rac are involved in Ror2-mediated promotion of bone resorbing activities. Ectopic overexpression of the constitutive active form of RhoA, but not that of Rac1, can restore impaired bone resorbing activities of osteoclasts, prepared from Ror2 ΔOC , indicating that Rho proteins can promote the bone resorbing activities of osteoclasts by acting as downstream molecules of autocrine Wnt5a-Ror2 signaling. By surveying 13 Rho effectors, protein kinase N3 (PKN3) has been shown to be expressed strongly in osteoclasts. 87 Intriguingly, Pkn3 −/− mice exhibit similar bone phenotypes with those of Ror2 ΔOC . Osteoclasts, prepared from Ror2 ΔOC and Pkn3 −/− precursors, failed to form actin rings, also called as sealing zones which are surrounded by resorption pit, thereby acidifying the resorption lacunae. Mechanistically, Pkn3 is associated with c-Src and Pyk2 and promoted the c-Src activities to form actin rings in osteoclasts (Figure 3) . Thus, Ror2-mediated signaling regulates differentiation and bone resorbing activity of osteoclast, thereby maintaining bone mass. Recently, it has been reported that Wnt5a mimetic peptide and RGD peptideconjugated hydrogel scaffold promote osteoblastogenesis, thereby enhancing bone regeneration through activating Rho-Rock-FAK signaling axis. 88 Although this study does not show that Ror1/2 was required for this action of Wnt5a-peptide, it suggests that Wnt5a-induced noncanonical signaling in osteoprogenitors is beneficial for bone regeneration.
Pyle disease, a rare skeletal disorder, is characterized by wide metaphysis, thin cortical bone, and fragility fractures. 89, 90 The loss of function mutation of the gene F I G U R E 3 Regulation of the bone resorbing activity of osteoclasts by Wnt5a-Ror2 signaling. Wnt5a-Ror2 signaling activated in osteoclasts induces activation of Pkn3 through Daam2 and Rho. Activated Pkn3 binds to c-Src and Pyk2, thereby enhancing tyrosine kinase activity of c-Src, leading to the formation of actin rings in osteoclast. The actin rings play the crucial role in regulating bone resorbing activity of osteoclast encoding the Wnt antagonist secreted frizzled-related protein 4 (SFRP4) was identified in patients with Pyle disease. 91, 92 Sfrp4-deficient mice also exhibited increased trabecular bone mass and decreased cortical bone thickness. 92, 93 A possible mechanism by which Sfrp4 regulates cortical thickness is proposed as follows: Wnt5a increases the expression of BMP2, which in turn promotes the expression of canonical Wnt inhibitor sclerostin. 92 Increased sclerostin expression suppresses bone accrual in cortical bone. In this process, Sfrp4 protects cortical thickness to inhibit Wnt5a action. This notion can be further supported by the finding that an administration of anti-sclerostin antibody to Sfrp4deficient mice improves efficiently their cortical bone defect. On the other hand, another possible mechanism has recently been proposed. 94 According to the report, consistent with the findings in our previous study, 86 Wnt5a promotes RANKL-induced osteoclast formation in culture, while Sfrp4 suppresses the effect of Wnt5a on RANKL-induced osteoclast formation. Notably, while Sfrp4 −/− mice exhibit a decrease in cortical thickness, an introduction of osteoclast-specific Ror2 ablation into Sfrp4 −/− mice rescues their thin cortical bone phenotype. These findings indicate that Ror2 signaling negatively regulates cortical thickness to promote bone resorption, and that Sfrp4 inhibits Ror2 signaling presumably by binding to Wnt5a. Taken together, Wnt5a-Ror2 signaling seems to play important roles in both osteoblast-lineage cells and osteoclast-lineage cells. Wnt5a-Ror2 signaling acts on osteoblast-lineage cells, including osteocytes, to increase sclerostin expression, thereby suppressing bone formation. At the same time, it also acts on osteoclast-lineage cells to promote bone resorption. Thus, Sfrp4 may suppress the negative effect of Ror2 signaling on cortical bone mass.
| INTERACTIONS BETWEEN THE SKELETAL MUSCLES AND SKELETON
The skeletal muscles and skeleton are connected by tendons ( Figure 4A ). The skeletal muscles and tendons are connected by myotendinous junction, and the skeleton and tendons are connected by osteotendinous junction to make functional musculoskeletal systems. The tendons are formed by extracellular matrices (ECM), mainly composed of collagen Ia, and residential fibroblasts in the tendon, called as tenocytes, which produce ECM. Furthermore, proprioceptors are in the musculoskeletal system, that is, muscle spindle in the skeletal muscles and the Golgi tendon organ in the tendons. Proprioceptors mediate perception of self-movement and body position so that forming proprioceptors is important for proper movement. Interestingly, it has recently been shown that neurons projecting to the proprioceptors play critical roles in the regeneration of bone fracture. 95 It has been well established that the skeletal muscles and skeleton are functionally related. In fact, bone mineral density is decreased in patients with sarcopenia. 96 Furthermore, repetitive exercise is known to promote growth of the skeletal muscles and skeleton. 97 An important question of how musculoskeletal systems, especially skeletal muscles and skeleton, are functionally interacting has recently been addressed. It has been reported that various soluble factors, including glucocorticoid (GC), vitamin D, and growth hormone, can regulate the functions of the skeletal muscles and skeleton 98 ( Figure 4B ). Since GC therapy often induces steroid myopathy and osteoporosis through atrophy of myofibers and reduction of bone density, 99 it is of importance to control musculoskeletal dysfunctions induced by GC.
Skeletal muscles secrete myokines, including myostatin, IL-6, and FGF-2, which regulate the functions of other organs, including the bones 100 ( Figure 4B ). Accumulating evidence has revealed that myokines secreted from the skeletal muscles suppress skeletal muscle atrophy and bone density reduction induced by GC. 101, 102 One of the most important myokines is a polypeptide hormone, irisin, secreted from the skeletal muscles. Exercising induces secretion of irisin to promote bone formation and to inhibit skeletal muscle atrophy. 103 It is worth noting that irisin activates SCs to avoid skeletal muscle atrophy, however, it remains largely unknown how irisin activates SCs. 104 Intriguingly, irisin also suppresses osteoclastogenesis via inhibiting RANKL-induced signaling. 105 As described earlier, we have shown that Ror1 expressed in SCs plays an important role in proliferation of SCs. Furthermore, Wnt5a-Ror2 signaling plays crucial roles in the regulation of osteoclastogenesis. 86 Therefore, it is conceivable that the Ror-family RTKs (Ror1 and Ror2)-mediated signaling might be associated functionally with irisin for a coordinated regulation of the skeletal muscles and skeleton.
It has recently been shown that osteocytes secrete various soluble factors, such as IGF-1, MGF, VEGF, and HGF, which are known to regulate the functions of the skeletal muscles, 98 further emphasizing the functional interactions between the skeleton and skeletal muscles ( Figure 4B ).
| FUTURE DIRECTIONS
Accumulating evidence has indicated that Ror1 and Ror2 might play critical roles in embryonic development, regeneration, and diseases of the musculoskeletal system, although there are still important questions to be addressed. It has become evident that MPCs promote proliferation and/or differentiation of SCs by secreting various soluble factors during skeletal muscle regeneration ( Figure 2B) ; however, it remains unknown about the molecular basis of this regulatory mechanism. With this respect, it is of importance to note that subpopulations of MPCs express Wnt5a, Wnt10b, and Wnt11, which might activate Ror1-mediated non-canonical Wnt signaling in SCs. 70 It is also conceivable that SCs might be able to regulate function of MPCs. Therefore, it will be of importance to clarify possible bidirectional regulation between SCs and MPCs, in particular via Ror1-and Ror2-mediated signaling, respectively, during skeletal muscle regeneration.
Proper bone metabolism regulated by osteoblasts and osteoclasts is required for maintenance of bone homeostasis. As described, analysis of animal model of Pyle disease has revealed that Wnt5a-Ror2 signaling seems to play important roles in both osteoblast-lineage cells and osteoclast-lineage cells. Therefore, it can be assumed that dysregulation of Wnt5a-Ror2 signaling in osteoblasts and/or osteoclasts is attributable to various bone diseases. At present, it is unclear about the role of Wnt5a-Ror2 and/or Wnt5a-Ror1 signaling in the regulation of osteoblast functions. It will be of importance to examine mice with loss of function mutations of Ror2 and/or Ror1 in osteoblast-lineage cells.
Considering anatomical relationships among the skeletal muscles, bones, and tendons, the structural and functional association between the skeletal muscles and skeleton has to be mediated by the tendons connecting them. Furthermore, it has been shown that proprioceptors in the locomotive organs mediate perception of self-movement and body position, and that physical movement is involved in regulating functions of the musculoskeletal system by secreting myokines. 106 However, the molecular mechanisms of how the locomotive organs sense physical movement and how they regulate secretion of myokines remain unclear. Interestingly, it has recently been shown that three-dimensional skeletal muscles, tissue engineered by utilizing C2C12 cells, induce several gene expression through artificial mechanical loading. 107 It can be envisaged that mechanical loading might be required to induce expression of myokines, thereby regulating the functions of the musculoskeletal system coordinately. Furthermore, it has been shown that neurons projected to the proprioceptors play critical roles in the regeneration of bone fracture. 95 Therefore, neurons projected to proprioceptors might also be involved in the regulation of the musculoskeletal system. It will be of interest to examine that the possible roles of the Ror-family RTKs in this complex interplay to regulate the musculoskeletal system. 
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